This paper describes several recent advances for fabricating coated surface acoustic wave (SAW) sensors for applications requiring trace chemical detection. Specifically, we have demonstrated that high surface area microporous oxides can provide 1 00-fold improvements in SAW sensor responses compared with more typical polymeric coatings. In addition, we fabricated GaAs SAW devices with frequencies up to 500 MHz to provide greater sensitivity and an ideal substrate for integration with high-frequency electronics.
INTRODUCTION
As shown in Figure 1 , SAW devices consist of a piezoelectric substrate, typically quartz, and two interdigitated transducers formed by photolithographic patterning of a thin metal layer. Application of an alternating voltage to the input transducer generates an alternating strain field that launches a surface acoustic wave. This wave travels along the substrate surface before being converted back into an electrical signal by the output transducer. The velocity and attenuation of 0-7803-3829-4/97/$10.00 0 1 997 IEEE the propagating wave are very sensitive to properties, such as mass and viscoelasticity, of thin films formed on the device surface. For example, increases in surface mass loading cause decreases in wave velocity that can be used to detect picogram mass changes [ 11. By coating the acoustic path with a material that sorbs a chemical analyte of interest, this sensitivity can also be used to develop chemical sensors [ 1-31. This paper describes work to enhance the performance of coated SAW sensors for trace chemical detection using specialized coatings and high frequency SAW devices. Figure 2 , where VOC challenges are seen to be rapidly and reversibly detected by both quartz and GaAs SAW devices coated with poly(isobuty1ene) (PIB). Due in part to the fact that molecular interactions between polymer chains are lost when a cavity is formed for analyte absorption, partition coefficients in polymers are not as high as with microporous materials.
SENSOR COATINGS
Using sol-gel chemistry [4], we have developed techniques for fabricating thin films of microporous oxides on SAW devices. One type of microporous oxide coating solution was made by a variant of a two-step acid-catalyzed (A2 sol-gel) reaction procedure in which a portion of the tetraethoxysilane was substituted with phenyltriethoxysilane [ 51.
Dip-coating followed by pyrolysis under reducing conditions resulted in a microporous film with average pore diameter -0.8 nm and hydrophobic pore surfaces that minimized sensitivity to water vapor, an ever present interferant. Results presented in Figure 3 and Table I indicate that these devices provide significant sensor responses to trace levels of a typical VOC.
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GaAs (530KHz,3.8dB) Quartz (590 kHz, 4 A comparison of calibration coefficients for polymer-coated and microporous oxide-coated SAW devices is provided in Table I along with data for an uncoated SAW device. This table shows that these microporous oxide-coated SAW devices can provide almost two orders of magnitude higher responses per ppm of PCE than polymer-coated SAW devices. In addition, the viscoelasticity of polymer coatings results in two disadvantages, high acoustic loss and increased temperature sensitivity. As shown in Table I , the microporous oxides, being elastic in nature, do not suffer from either of these problems. This enables thicker films to be used to further enhance sensitivity and minimizes thermally induced sensor drift (drift generally determines SAW detection levels rather than short term noise levels [2] ). One difficulty with these materials is that, due to this high activity, they appear to become "clogged" by low volatility compounds. However, thermal treatments can be used to "regenerate" the material. For larger molecules, such as CW agents, films with somewhat larger micropores are required. Such films can be synthesized using a surfactant-templating process that results in films with controllable and monodisperse pore sizes (1-5 nm), high surface area (1000 m2/g), and tailored surface chemistry At room temperature (Fig. 4) , the sensor acts almost like a dosimeter effectively holding inolecules that are collected. The slow response appears to be due mainly to the time required for transport of the molecules to the device surface, as seen by the increase in the rate of change when the flow rate of the gas across the sensor is increased from 20 to 200 mL/min (U to C). Removing the DMMP (E) does result in a drop in the response; however, this drop is very slow, indicating that the DMMP is not easily removed at this temperature. In contrast, at 87°C (Fig. 5) , the sensoir exhibits reversible responses; however, response times are still not as fast as shown in Figure 3 , probably due in part to mass transport limitations. These large levels of response indicate the potential for trace detection of CW agents using microporous-oxide coated SAW sensors. 
HIGH SENSITIVITY SAW DEVICES
Another method of improving SAW sensor responses is to increase device operating frequency$ If the SAW device is used as the frequency-control element of an oscillator circuit, the magnitude of the relative frequency change ($f0 where fo is the unperturbed SAW oscillation frequency) is the parameter of interest since noise generally increases with frequency. In this situation, the sensitivity to surface mass is given by [ 11:
4C2.01 where cm is the mass sensitivity coefficient and Aps is the change in the madarea. Increasing frequency is achieved by decreasing the periodicity of the transducers. Thus, if the relative device dimensions are maintained, the active area is proportional to llfo2 and the relative frequency change due to the addition of mass (Am) is given by:
The advantage of higher frequency depends on the application. For real-time detection of ppm levels of VOCs using polymer-coated SAWS (see Fig. 2 ), the response is due to the equilibration of the polymer with the vapor and there is generally sufficient VOC in the vapor to equilibrate a large area. In addition, due to the viscoelastic properties, the maximum polymer film thickness that can be applied generally will decrease as llfo and, therefore, Aps at a given concentration also decreases as lvo. From Eq. 1 (relevant for this situation), this indicates there is sensitivity advantage to increasing frequency, even though there is a size advantage. In contrast, for trace level detection, a significant technical challenge is collecting the very small amount of analyte and delivering it to the sensor. This makes the absolute mass sensitivity the relevant parameter and indicates that higher frequency SAWS are strongly preferred. In this case, going from 100 to 500 MHz will provide more than 100-fold sensitivity enhancement (see Eq. 2).
We have recently fabricated GaAs SAW devices with frequencies up to 500 MHz. The piezoelectric properties of GaAs are similar to quartz [7] . GaAs is an excellent semiconductor for high frequency electronics. In fact, monolithically integrated field-effect transistors with SAW delay lines and resonators have been developed for signal processing and frequency control applications [8,9]. The SAW sensors were characterized using a network analyzer. Figure 6 shows the insertion loss associated with various SAW devices overlayed with the phase shifts for the traveling acoustic wave. Nonlinearity in the phase vs. frequency can result in nonlinearities in sensor response to mass changes (oscillator circuits change frequency to maintain a constant phase). Nonlinearities can occur due to acoustic wave reflections from the transducers that traverse the acoustic path arriving with different phase from the primary wave. Gold metallization, chosen for our 4C2.01 applications due to its chemical inertness, is a poor acoustic match to quartz. This is seen as readily observable ripple in the insertion loss and phase data for the quartz SAW device shown in Fig. 6a . These data are typical of the 100 MHz quartz devices that we have been using for chemical sensor development for many years. Figs. 6a and b) . Figures 6b-d also show that highly linear phase is observed for GaAs SAWs at all three frequencies. In each case, the metal thickness has been adjusted to minimize acoustic reflections from the gold transducers, yielding this high degree of linearity. As a result, GaAs SAWs are expected to provide highly linear sensing capabilities. The increase in insertion loss at higher frequencies is thought to be due to limitations in our ability to impedance match at higher frequencies using our current test fixtures. Ongoing work involves demonstrating the trace detection capabilities of these high frequency SAW devices coated with microporous oxide materials.
